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The 1.9 Å resolution X-ray structure of the O2 reduction site of bovine heart cytochrome c oxidase in the fully reduced state indicates trigonal
planar coordination of CuB by three histidine residues. One of the three histidine residues has a covalent link to a tyrosine residue to ensure
retention of the tyrosine at the O2 reduction site. These moieties facilitate a four electron reduction of O2, and prevent formation of active oxygen
species. The combination of a redox-coupled conformational change of an aspartate residue (Asp51) located near the intermembrane surface of the
enzyme molecule and the existence of a hydrogen bond network connecting Asp51 to the matrix surface suggest that the proton-pumping process
is mediated at Asp51. Mutation analyses using a gene expression system of the Asp51-containing enzyme subunit yield results in support of the
proposal that Asp51 plays a critical role in the proton pumping process.
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Cytochrome c oxidase reduces molecular oxygen (O2) in a
reaction coupled with a proton pumping process. Electrons are
transferred from cytochrome c in the intermembrane space
while protons are transferred from the matrix space in a process
that increases the membrane potential across the mitochondrial
membrane. Since 1995, when 2.8 Å resolution X-ray structures
of the bovine and bacterial enzymes were obtained [1,2], the
resolutions of X-ray structures of bovine enzyme have been
improved to 1.8 Å for the fully oxidized state and 1.9 Å for the
fully reduced state [3].
A mobile proton-donor functional group within a membrane
protein can function as a redox-driven proton pumping site if it
encounters a change in pKa and alternates accessibility between
two different aqueous phases. A change in the oxidation state of a⁎ Corresponding author.
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doi:10.1016/j.bbabio.2006.04.028protein redox site can induce this alternating accessibility. These
pKa and accessibility changes could be readily induced by con-
formational changes affecting the environment of the proton
pumping site. Reliable methods other than X-ray structural analy-
sis are not presently available for identification of these con-
formational changes.
In this article, recent progress in investigations of the mecha-
nisms of the O2 reduction and the proton-pumping processes
using bovine heart cytochrome c oxidase will be reviewed to
examine the applicability and limitations of X-ray structural and
resonance Raman methods for studies of the reaction mechanism
of cytochrome c oxidase.
2. Mechanism of O2 reduction
One electron reduction of molecular oxygen in the ground
state is energetically unfavorable while two electron reduction is
favorable. This property contributes greatly to the stability of
oxygenated hemoglobins and myoglobins, since heme is
embedded within the interior of the protein to protect it from
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protoheme in aqueous solution is readily auto-oxidized by
formation of a μ-peroxo compound (Fe3+–O–O–Fe3+) as the
second intermediate following the oxygenated compound (Fe2+–
O2). One electron reduction of the two-electron reduced O2 (O2
2−)
is energetically unfavorable since the process includes production
of the highly reactive oxygen radical.
Thirty years before the 2.8 Å resolution X-ray structural
determination of cytochrome c oxidase, a copper ion (CuB) was
discovered to be present near the O2 reduction site (heme a3
iron) as a result of the observation of a magnetic coupling of
CuB
2+ to Fea3
3+[4]. This revelation combined with the knowledge
of the intrinsic chemical properties of O2 in the ground state led
to the suggestion that the initial intermediate of the enzyme-
catalyzed O2 reduction process contains a peroxide bridged
between Fea3
3+ and CuB
2+, since the second electron for the two
electron reduction of O2 is readily available from CuB
1+. How-
ever, the initial intermediate was assigned as the oxygenated
species (Fe2+–O2), as a result of experiments that monitored
low-temperature absorption spectral changes. Additional
experiments to support this assignment were not performed
[5]. It should be noted that the fact that the absorption spectra of
the initial intermediate and the CO-bound species used to
model the O2 species exhibit similar α-band positions does
not provide conclusive evidence for the assignment since the
absorption spectrum of heme a3 does not provide unequivocal
structural information about the ligand species.
Unexpectedly, the resonance Raman results indicate that
Fe2+–O2 ,the first intermediate shows a band at 571 cm
−1
while Fe4+_O2−, the second intermediate exhibits a band at
804 cm−1. The Fe4+_O2− species contains an oxidation
equivalent near the O2 reduction site [6,7]. The assignment is
based on the 16O_18O isotopic shift effects [6,7]. The oxy-
genated form is stable enough to be detected while the putative
peroxide intermediate is too labile to be identified as an inter-
mediate species. The 1.9 Å resolution X-ray structure of the O2
reduction site of the bovine heart cytochrome c oxidase in the
fully reduced state [3] provides enough structural detail to
suggest the following mechanism for O2 reduction.
The fully reduced species binds O2 at the five-coordinate Fea3
2+
site while CuB
1+ is coordinated by three histidine imidazole groups
in trigonal planar geometry [3,8]. In general, trigonal planar cu-
prous compounds are poor ligand acceptors and poor reductants
due to their chemical stability. Therefore, the interaction between
the O2 molecule bound at Fea3 and the cuprous CuB must be
sufficiently weak to give rise to the resonance Raman band of the
Fea3-O2 stretching mode.
His240, one of the three histidines coordinated to CuB, is
covalently linked to Tyr244 to constrain the phenol OH group to
the O2 reduction site [8]. However, a study which modeled the
possible conformations of O2 at Fea3
2+ in the X-ray structure
indicates that direct hydrogen bond formation between the
bound O2 and the Tyr244 OH group is not possible. Thus, a
conformational change is required for hydrogen bond formation.
The structure also stabilizes the O2-bound form.
The covalent linkage between His240 and Tyr244 provides
an effective electron transfer pathway from CuB to the OH groupof Tyr244. Once the hydrogen bond is formed between Tyr244
and the bound O2, Tyr244 functions as an effective hydrogen
atom donor to the bound O2 to form Fea3
3+–O–OH and the
deprotonated tyrosine (Tyr244O−) with CuB
2+. CuB
2+ must react
with any negatively charged ligand such as OH−. The negatively
charged phenol group of Tyr244, which is hydrogen-bonded to
Fea3
3+–O–OH, is unstable within the hydrophobic environment
of the protein interior and could function as an effective electron
donor to the Fea3
3+-bound peroxide. These structures are expected
to promote an effective two electron reduction of the O–O bond
to provide Fea3
4+_O2− and OH−. This process is mediated by one
electron from Fea3
3+(which is converted to Fea3
4+) and one electron
from Tyr244–O−(which is converted to a Tyr244 radical).
Although support for the existence of the Tyr244 radical has
been provided by a chemical analysis using radioactive iodide
labeling followed by peptide mapping [9], spectroscopic evi-
dence of the radical has not been obtained. It has been shown that,
in the absence of reductant, the 804 cm−1 intermediate is quite
stable (t1/2=70 min at pH 8.0) [7]. On the other hand, the X-ray
structure does not readily reveal a moiety near Tyr244 which
could stabilize the radical [3,8]. These results appear to contradict
the proposal that the 804 cm−1 intermediate contains a Tyr244
radical.
The oxidation equivalent of a Tyr244 radical could mi-
grate to another redox active site to produce the 804 cm−1
intermediate. Possible candidates for the location of this
oxidation equivalent are CuB
3+, the porphyrin π-cation radical
of heme a3, and Fea3
5+. The fact that a significant decrease is not
observed in the Soret absorption intensity of the intermediate
state relative to those of the other enzyme species argues against
assignment of the porphyrin π–cation radical as the candidate
species. Although the high-oxidation state metal sites such as
Fea3
5+ and CuB
3+ have not yet been detected in a metalloprotein
system, the large electron density surrounding Fea3 would be
expected to stabilize the high oxidation state of the iron atom.
The third intermediate exhibits an oxygen isotope sensitive
band at 785 cm−1 and is assigned as Fea3
4+_O2−. The fourth
intermediate species exhibits a band at 450 cm−1 and is assigned
as Fea3
3+–OH−. The lower oxidation state of the third (785 cm−1)
intermediate compared to the second (804 cm−1) intermediate is
obvious since the third intermediate does not appear in the
reaction between the mixed valence enzyme (the two electron
reduced enzyme) and O2[6,7]. The first, second and third
intermediate species have absorption maxima at 590 nm (A),
607 nm (P) and 580 nm (F), respectively [6].
The 607 nm species (or the P species) can be prepared by
oxygenation of either the fully reduced enzyme or the mixed
valence enzyme [10–13]. The P species resulting from oxy-
genation of the fully reduced enzyme is named the Pr species
while the P species obtained from the mixed valence enzyme and
O2 is called the Pm species. It has been proposed that the
oxidation state of Pr is one equivalent lower, relative to Pm by four
observations [12,13]. Firstly, the appearance of the 607 nm
species (Pr) in the reaction of the fully reduced enzymewith O2 at
low temperature is associatedwith absorption spectral changes of
heme a indicative of oxidation [12]. Secondly, the 607 nm spe-
cies appears to be associated with an unusual EPR signal which
Fig. 1. Schematic representations of the structure of H-pathway in the oxidized
states. Dotted lines denote hydrogen bonds. The dark circles indicate fixed
waters. The thick sticks denote side views of the porphyrin plane of hem a and
the thin sticks (from top to bottom) are the side chains, propionate, formyl and
hydroxyfarnesylethyl. The gray zone shows the water channels. The gray ovals
are the cavities in the channel.
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state.” [12,14] This “three electron reduced state” represents an
intermediate species in which one electron equivalent is
transferred from the low potential sites (CuA and Fea) after
binding of O2 to the fully reduced enzyme [14]. Thirdly, a
resonance Raman analysis indicates that the degradation rate of
the 571 cm−1 band in the reaction of the fully reduced enzyme
with O2 is identical to the rate of oxidation of heme a [11]. And,
lastly, the 785 cm−1 band species appears after the 571 cm−1
species without appearance of the 804 cm−1 species [15,16].
Thus, Pr seems to have bands at 607 nm and 785 cm
−1.
However, Ogura et al. reported that the 804 cm−1 species is
detectable in the O2 reduction process by the fully reduced
enzyme [6]. Resonance Raman data reported by the other group
suggest the existence of the 804 cm−1 band although the signal-
to-noise ratio is too low for clear detection [15,16]. The
resonance Raman results reported by Ogura et al. indicate
coexistence of the 804 cm−1 and 785 cm−1 bands after
formation of the oxygenated form during the course of the O2
reduction by the fully reduced enzyme [6,17]. Quantification of
the 607 nm and 580 nm species as well as the oxidation states of
CuA and heme a has been accomplished by an analysis of the
absorption spectral changes by singular value decomposition
and global exponential fitting [13]. The absorption spectral
analysis also shows coexistence of the 607 nm and 580 nm
bands in the Pr formation step consistent with the resonance
Raman results.
These investigations of the O2 reduction by the fully reduced
enzyme suggest that the 607 nm species with the 804 cm−1
resonance Raman band is formed without receiving electrons
from the low potential sites in the same manner as formation of
the 607 nm species (Pm) by aeration of themixed valence enzyme
and that significant part of the 607 nm species formed after
formation of the oxygenated species receive electrons from the
low potential sites to form the 580 nm species with the 780 cm−1
band (F species). In other words, the 607 nm species obtained by
oxygenation of the fully reduced enzyme (Pr) is identical with the
607 nm species prepared by oxygenation of the mixed valence
enzyme (Pm). Therefore, one electron equivalent is required for
the Pr→F transition. Some experimental results have been
interpreted by assuming that Pr is in the same oxidation state as
the F state and that the Pr→F transition is not coupled with
electron transfer [18]. However, the resonance Raman and ab-
sorption spectral analyses described above are not consistent with
this assumption.
3. Proton pumping mechanism
The X-ray structures of the microenvironment of Asp51, lo-
cated near the intermembrane surface, and the hydrogen bond
network between Asp51 and the matrix surface of the enzyme
have been improved significantly by improvement of the
resolution from 2.3/2.35 Å [8] to 1.8/1.9 Å [3]. In the oxidized
state, the carboxyl group of Asp51 is hydrogen-bonded to two
serine hydroxyl groups and two peptide N–H groups. Upon
reduction, Asp51 shifts toward the intermembrane surface and
becomes exposed to the molecular surface. Three water mole-cules and one serine hydroxyl group form hydrogen bonds to the
carboxyl group of Asp51 [3]. The dielectric microenvironments
of Asp51 in the oxidized/reduced states are similar to those of
methanol/water, respectively [3]. Exchange of the medium from
water to methanol increases the pKa of acetic acid by about 5 pH
units. Thus, upon reduction of the enzyme, the pKa of Asp51
would be expected to drop by 5 pH units, causing the carboxyl
group to be protonated in the oxidized state and deprotonated in
the reduced state. The protonation state change has been con-
firmed by FTIR analysis [3].
Asp51 is located on the intermembrane side at the end of the
H-pathway (Fig. 1). The bottom half of the H-pathway is a water
channel which is accessible to water molecules in the matrix
space. The channel has several cavities capable of retaining
water molecules. The channel extends to Arg38 which is hydro-
gen-bonded to the formyl group of heme a. The hydrogen-bond
network connecting Arg38 with Asp51 interacts with heme a via
the propionate group and the formyl group (Fig. 2).
A peptide bond in the hydrogen-bond network could block
proton back leakage from the intermembrane space, to mediate
Fig. 2. A schematic representation of the hydrogen-bond network of H-pathway.
The heme structure denotes that of heme a. The thick arrows indicate the
possible electrostatic influence to the hydrogen-bond network upon oxidation of
heme a. The thin arrows denote the direction of proton transfer through the
hydrogen-bond network.
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through a peptide bond has been shown to occur via an imidic
acid intermediate (–C(OH)_N+H–) [19]. After release of a
proton from the amide nitrogen atom, the enol form of the
peptide (–C(OH)_N–) is spontaneously transformed to the
keto form (–CO–NH–), since the keto form is much more stable
than the enol form. As shown in Fig. 1, Asp51, the proton pump
site is connected with both aqueous phases by hydrogen-bond
networks in both oxidation states. In this proton pumping sys-
tem, unidirectional proton transfer is facilitated by the peptide
bond instead of an accessibility switch by a conformational
change as stated above.
Heme a is in a six-coordinate low spin state in both oxidation
states. In the reduced state, the heme has no net charge because
of the two negative charges of the heme a porphyrin which
neutralizes the two positive charges of Fe2+. Upon oxidation of
the heme iron, one equivalent of net positive charge is created
since an appropriate counter ion is unavailable for the heme a
site located within the interior of the protein. The net positive
charge is readily delocalized to the peripheral substituents of the
porphyrin. Upon oxidation, the delocalized positive charge on
the formyl group provides a large resonance Raman shift (ca.
50 cm−1) in the C–O stretch band of the formyl group [20,21].
On the other hand, a redox-coupled structural change is not
detectable in the formyl group of heme a in the 1.8/1.9 Å
resolution X-ray structure in the oxidized/reduced states [3].
However, a potential change in the bond length of the formyl
C_O groups estimated from the resonance Raman shift is
much smaller than the detection limit of the X-ray structural
data at 1.8–1.9 Å resolution. It should be noted that in general,
the resolution of protein X-ray structures is not sufficient forevaluation of the chemical reactivity of functional groups. The
significance of the resonance Raman shift was not recognized
when it was discovered [20,21], since the X-ray structure of
cytochrome c oxidase was not yet available.
The structural interactions between heme a and the hydrogen-
bond network (Fig. 2) suggest that the positive charge
delocalized to the formyl and propionate groups actively drives
proton transfer through the hydrogen bond network. Thus, the
process of O2 reduction is coupled with proton pumping at the
two interaction points between heme a and the H-pathway. The
pKa of Arg38 is lower than a guanidino group exposed to
aqueous phase, because of the low effective dielectric constant in
the microenvironment of the guanidino group. However, it is
still possible that the pKa is significantly higher than the pH of
the matrix space. The large net positive charge increase at the
formyl group which is hydrogen bonded to Arg38 induces a
large pKa drop of the guanidino group. Similarly, the pKa of one
of the heme propionates which interacts with H-pathway is also
influenced by the oxidation state change in heme a iron. The
electron density of the other propionate is stabilized by a salt
bridge with Arg439, which may contribute to the net positive
charge increase in the other propionate and the formyl group.
The proposed proton pumping mechanism driven by heme a is
consistent with the proton pumping events for each of the four
electron transfers during a single turnover of the O2 reduction
reaction [22].
To probe the function of Asp51, which is not conserved in
bacterial cytochrome c oxidase, a gene expression system for
subunit I of bovine cytochrome c oxidase (which includes
Asp51) has been constructed in HeLa cells to produce a bovine-
human hybrid enzyme in which bovine subunit I is assembled
with the remaining 12 human subunits [3]. The Asp51Asn
mutant prepared by using this expression system, has a disabled
proton pumping system but displays approximately 1.5 times
greater O2 reduction activity relative to the wild type enzyme [3].
This observation clearly supports the proposal that Asp51 plays a
critical role in the proton pumping mechanism and suggests that
the high proton affinity of Asp51 in the oxidized form is
necessary for the proton pumping function mediated by the H-
pathway. Although asparagine can form hydrogen bonds and
contribute to proton transfer hydrogen bonding networks, it has
much lower proton affinity than aspartate. Threshold proton
affinitymay be necessary for formation of the imidic acid species.
The results of the X-ray and mutagenesis investigations indi-
cate that cytochrome c oxidase has two proton transfer pathways
for water production. These two pathways are known as the D-
and K-pathways. Both pathways connect the O2 reduction site
with the matrix surface of the enzyme. Some mutations of pro-
tonatable residues in the D-pathway of bacterial enzymes such as
Glu242 and Asp91 abolish O2 reduction as well as the proton-
pumping process [23]. Replacement of an asparagine residue in
the D-pathway of the bacterial enzyme (analogous to bovine
Asn98) with aspartate abolishes the proton pumping function
without significant influence on the O2 reduction function
[23,24]. Based on these results, it has been proposed that the D-
pathway transfers both protons employed for water formation
and for the proton pumping process by the followingmechanism;
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includes the heme a3 propionate that interactswith anArg residue
via a salt-bridge. Glu242 (bovine) located in the D-pathway near
the O2 reduction site determines the direction of proton transfer
either to the O2 reduction site or to the putative proton pumping
site [25]. TheAsn98Aspmutation has been proposed to influence
the function of Glu242 to abolish proton transfer to the pumping
site without affecting proton transfer to the O2 reduction site [26].
However, an equally possible interpretation for the effect of the
Asn98Asp mutation is that the mutation influences the function
of Arg38 to abolish proton transfer through the H-pathway.
All enzymes of the heme-copper terminal oxidase superfam-
ily, which reduce O2 to water in a reaction coupled with proton
pumping, have a low spin heme site and an O2 reduction site
composed of heme and copper sites [27]. These structural
aspects of the superfamily suggest that proton pumping is driven
by the low spin heme and O2 reduction at the heme-copper site.
Some of the enzymes of the superfamily have heme b instead of
heme a. The electron density decrease in the propionate of heme
b could be larger than that of heme a, since the formyl group is
replaced with a methyl group. Therefore, one of the propionates
of heme b is able to provide a site for coupling the proton active
transport with electron transfer in a manner similar to the pro-
pionate of heme a. Most of the enzymes in the super family have
an H-pathway. However, Asp51 is conserved only in the animal
kingdom. Furthermore, the H-pathway itself is not completely
conserved within the superfamily. A bacterial ba3 type enzyme
has aQ-pathway instead of anH-pathway [28]. The O2 reduction
process which proceeds without release of active oxygen species
is facilitated by a set of quite complicated and strictly organized
chemical reactions. The proton pumping process is a set of
protonation/deprotonation reactions. The O2 reduction process
absolutely requires the heme/copper dinuclear site. On the other
hand, various sets of amino acids could actively transfer protons
across the enzyme molecule [27]. Therefore, structures involved
in the O2 reduction process are conserved, while the struc-
tures involved in the proton pumping pathway show significant
variations.
It has been suggested that the H-pathway acts as a means for
discharging of the membrane potential to keep it below its upper
limit [29,30]. This suggestion is inconsistent with the observa-
tion that the Asp51Asn mutation blocks the proton pumping
process. The H-pathway does not include the O2 reduction site.
Therefore, leakage of pumping protons to the O2 reduction site is
perfectly blocked. On the other hand, if protons to be used for the
proton pumping process are transferred through D-pathway, an
effective mechanism for blocking these protons to the O2
reduction site is required [31]. However, no convincing
experimental result supporting the mechanism has been
presented.
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